© Edward Arnold 1995 injury,7,8 and ischaemic damage can follow prolonged seizures," perinatal hypoxia'" and cardiac arrest.U Furthermore there is considerable overlap between the mechanisms of neuronal damage in cerebral ischaemia and other brain diseases.P so an understanding of the basic mechanisms might benefit not only patients with acute stroke but those with head injury, epilepsy and several types of dementia. This review will therefore consider the mechanisms underlying ischaemic brain injury and possible strategies for combatting it, and is divided into two parts. The first will concentrate on what has been learned about basic mechanisms from experimental studies; the second part (to be published) will discuss the relevance of this work to human stroke and review the evidence from clinical studies.
Basic concepts

Critical flow thresholds
Haemodynamic studies in experimental stroke models have demonstrated loss of autoregulation in moderate to severe ischaemia, so that cerebral blood flow varies passively with the perfusion "The second part of this article will be published in the first pressure. 13 • 14 The ability to alter cerebral blood flow predictably has been used in experimental research to establish critical thresholds of neuronal perfusion, below which electrical activity first ceases and then membrane ion pump failure occurs (Figure 1 ). In the cat, spontaneous electrical activity in the cerebral cortex ceases at blood flows below 18 ml per 100 g per minute;'> whilst, in primates, somatosensory evoked potentials are abolished below 16 ml per 100 g per minute.Iv-!" Clinical studies in patients undergoing carotid endarterectomy have also shown temporary flattening of the EEG as blood flow is reduced to this level. 18. 1,} In contrast, cellular ion homeostasis is preserved until blood flow is reduced to 10 ml per 100 g per minute in baboons.>' with subsequent K+ efflux and Ca 2 + influx signalling a generalized collapse of membrane function 2 1 • 22 and cell metabolism.A>' Presumably once this critical threshold for energy and ion pump failure is crossed, cell death is inevitable. Between the two thresholds the neurons are electrically silent but still potentially viable. Other aspects of cellular function are more sensitive to ischaemia and inhibition of protein synthesis.P accumulation of lactic acid 26 and formation of oedema-? all occur at higher levels of blood flow (Figure 1 ).
Outcome following cerebral ischaemia is determined by the duration as well as the depth of hypoperfusion. In monkeys, sustained ischaemia following middle cerebral artery occlusion resulted in infarction at flows of 17 ml per 100 g per minute, whereas temporary periods of ischaemia of up to three hours required a lower threshold of 10 ml per 100 g per minute to cause irreversible neuronal damage.P Thus there is a time limit within which ischaemic damage may be reversible and the relationship between the degree and duration of ischaemia and the 'threshold for infarction' is shown in Figure 2 . Neuronal survival might therefore be promoted either by improving cerebral blood flow, or by lowering the critical threshold for infarction.
The ischaemic penumbra
In stroke, focal ischaemia is rarely complete because of the collateral circulation. Thus there is usually an infarcted core surrounded by an oligaemic 'penumbra', in which perfusion is sufficient to maintain cellular ion homeostasis.P-w This penumbral zone contains functionally impaired but potentially salvageable tissue 31 • 32 and is the target for most attempts at neuroprotection.
The viability of penumbral cells is threatened by many of the metabolic changes occurring in ischaemic brain, such as acidosis, oedema, calcium influx and impaired protein synthesis.P the extent of which may be determined by the adequacy of the collateral circulation. The survival of penumbral tissue may also be jeopardized by the release of excitatory amino acids and free radicals from cells damaged by more severe ischaemia.
Deterioration in the microcirculation may also occur, due not only to thrombus propagation but to vasoconstriction and direct endothelial damage. Activation of polymorphonuclear leucocytes may be the first step. These can damage endothelium and, especially in the presence of atheroma, may induce vasoconstriction via various mediators including 5-hydroxytryptamine (5-HT)34. 35 and endothelin-l. 36 Activated leucocytes also markedly enhance the vasospastic effects of platelet aggregation.F Many of these effects are especially marked after reperfusion and may be responsible for the 'no-reflow' phenomenon sometimes seen in experimental models of transient ischaemia.v'
The penumbral zone may also be extended by the phenomenon of 'spreading depression', in which waves of deplorization spread out from the ischaemic focus, leading to a marked increase in metabolic demand.P? The result of all these processes may be the recruitment of more cells into the infarction process, causing small islands of necrotic tissue to coalesce.w-'! The penumbra is therefore not a fixed region but a dynamic process which has the potential to spread well beyond the initial zone of severe ischaemia. Cell survival might be enhanced by improving perfusion and oxygen delivery, by reducing metabolic demand, or by antagonizing the toxic effects of the ischaemic cascade on microvascular and brain parenchymal cells.
30
Experimental studies
Pathophysiology of ischaemic damage
Ischaemic damage is primarily due to cellular energy failure. This results in acidosis from anaerobic glycolysis.ss loss of ion homeostasis with cytotoxic oedema due to the influx of sodium, chloride and water.v and excessive calcium influx, triggering proteolysis, phospholipid degradation and inhibition of protein synthesis, leading to disruption of the cytoskeletal architecture.s-.o
Calcium-mediated injury
Calcium appears to be a crucial mediator of ischaemic damage to neurons, glia and the microcirculation. Measurements taken from microelectrodes suggest that there is a rapid rise in the intracellular calcium concentration following an ischaemic insult,46 with calciumdependent reactions, such as phosphorylase conversion, occurring within 15 seconds.s? Release from intracellular pools, impaired sequestration mechanisms and increased influx via voltagesensitive and receptor-operated channels, may all contribute to the rise in intracellular calcium. Cell damage can occur in various ways, including induction of lipases, proteases and endonucleases, alteration of protein phosphorylation, and triggering of free radical production, which disrupts neuronal membranes and damages the microvasculture.w-" Stimulation of phospholipase A 2 leads to the production of lysophospholipids, free fatty acids, such as arachidonic acid, and platelet activating factor,50 which mediates inflammation by attracting platelets and leucocytes and promoting their adherence to endothelial cells. Activation of phospholipase C results in the formation of inositol triphosphate which promotes intracellular calcium accumulation and diacylglycerides, which enhance the production of arachidonic acid. This in tum is metabolized via cyclo-oxygenase to form prostaglandins, including prostacyclin and thromboxane A 2,51-53 and via lipo-oxygenase to form Ieukotrienes.w-v Although previously thought to take place only after reperfusion, these oxidative processes are now regarded as likely to occur during ischaemia as well, owing to the low Michaelis constants for oxygen of the relevant enzymes. 56
Thomboxane A 2 is a vasoconstrictor and encourages platelet adhesion, whilst prostacyclin has the opposite effect. In ischaemic tissue, however, the formation of prostacyclin may be inhibited by the release of free radicals, tilting the balance towards vasoconstriction and platelet aggregation. 57,58 Leukotrienes tend to be both chemotactic, leading to influx of polymorphonuclear leucocytes, and vasoactive, causing vasoconstriction and increased vascular permeability.59 They appear to be involved in the disruption of the blood-brain barrier and the development of vasogenic cerebral oedema.w
The rise in the intracellular calcium concentration also activates protein kinase C,61 resulting in the phosphorylation of membrane proteins, with subsequent dysfunction of receptors and ion channels. 62,63 Protein kinase C may also potentiate glutamate releases-and increase postsynaptic sensitivity to glutamate.s-Overall, this creates an amplification mechanism which enhances calcium influx and also promotes calcium release from intracellular stores. 66, 67 This intracellular accumulation of calcium may also promote the generation of free radicals by activating nitric oxide synthase (NOS) and increasing the supply of nitric oxide'f (NO) which may be a precursor of toxic pro-oxidant compounds. 69,70 However, the role of NO in ischaemic neuronal damage is controversialt'<" and is discussed more fully later on (see sections on free radicals and NO).
Calcium influx does not necessarily cause permanent damage, as can be seen during the phenomenon of 'spreading depression' when this occurs in nonischaemic brain."? In the presence of ischaemia, however, calcium influx associated with similar waves of spreading depolarization may overload the compensatory capacity of energy-depleted cells and infarction may result. 78
Excitotoxicity
In the ischaemic penumbra, as in areas of brain affected by a variety of other disease processes, calcium-mediated neuronal damage seems to be triggered by an excess of excitatory neurotransmitters, especially glutamate, acting at the postsynaptic membrane. This mechanism of 'glutamate excitotoxicity' appears to be so widespread that it has been called the 'final common pathway' for neuronal injury.t-Since excitotoxicity could be seen as an exaggerated form of the processes involved in neural plasticity, in which normal signalling molecules and metabolites are released in toxic quantities, it may be helpful to consider what is known about the sequence of biochemical and electrical changes in nerve cells involved in the process of learning.
After an appropriate stimulus (a memorable experience), excitatory neurotransmitters, mainly glutamate and aspartate, are released from presynaptic nerve terminals in the appropriate brain regions, causing deplorization and entry of calcium into the postsynaptic cell. Within 30 minutes, a marked rise in the activity of protein kinase C can be measured, associated with phosphorylation of synaptic membrane proteins on both sides of the cleft 79 (a retrograde signal, probably carried by NO, initiates similar changes in the presynaptic ce1l 80). These changes are only transient, but appear to facilitate further calcium entry into the cell which triggers longer term processes of remodelling in the neural network. The first sign of activation of 'immediate early genes' in the cell nuclei is an increase in production of the intranuclear signalling proteins c-fos and c-jun in both pre-and postsynaptic cells about half an hour after the initial stimulus.f" These in turn activate 'late genes' coding for structural proteins, and indeed major changes in the shape and structure of the dendritic spines, indicating changes in neural connectivity -'long-term memory' -can be detected in the same part of the brain within 24 hours. In the mean time, bursts of electrical discharge occur in the same region three to five hours after the initial stimulus.
The intracellular concentration of glutamate is normally several thousand times that in the extracellular fluid 82 and the gradient is maintained by a Nar/Kt-dependent uptake mechanism.P Following an ischaemic insult, there is a massive rise in the extracellular concentration of glutamate and aspartate.s-The process probably begins with depolarization of the presynaptic membrane with influx of sodium causing release of glutamate from presynaptic terminals.P but slower leakage probably also occurs from 'metabolic' pools in both neurons and glia. 83, 86 Recent studies indicate that the latter process takes longer but is responsible for a greater proportion of the extracellular glutamate.s? More importantly, ischaemia probably paralyses the energy-dependent sodium/glutamate transporter, which is its main reuptake mechanism.w Glutamate acts at several sites on the post-synaptic membrane, including N-methyl-D-aspartate (NMDA) receptors ( Figure 3 ) which act as an entry gate for calcium'" and AMPA, (amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors which gate sodium and are responsible for fast excitation and postsynaptic membrane deplorization.?? This effect permits opening of the voltage-sensitive calcium channels 91-93 and also releases magnesium from the NMDA receptor, allowing massive calcium entry via that channel as well. 94,95 Other glutamate receptors include the quisqualate, kainate and metabotropic receptors, which are involved in regulating cation flUX,96 or in intracellular calcium homeostasis.P? Thus glutamate release causes a massive rise in intracellular calcium and triggers the 'ischaemic cascade'.
The excess of intracellular calcium may also disrupt the normal processes of gene transcription,98 leading to increased expression of the proto-oncogenes c-fos and c-jun 99 ,100 and subsequent marked changes in protein metabolism.
Both in vitro and in vivo research support the excitotoxic action of glutamate in acute ischaemia. 101,I02 Glutamate levels appear to rise rapidly.t'P but high levels are still recorded in the ischaemic zone, hours after the onset of the insult,l04 suggesting a time window of several hours for therapy with glutamate antagonists.
Spreading cortical depression
There is controversy as to how the process of glutamate excitotoxicity spreads through the ischaemic zone. One possibility is that it is propagated by waves of electrical depolarization, detected by surface electrodes as direct current (DC) shifts, which occur in the periphery of the ischaemic zone in experimental infarcts. 105, 106 These waves are similar to those induced in normal cortex by high potassium concentrations, with the important difference that there is no increase in local blood flow in the penumbra in response to the markedly raised metabolic demand, so that a further fall in tissue oxygenation results. 39, 107 Ischaemic neuronal damage increases with the number of peri-infarct depolarizations and the effect can be dramatic: a single episode of spreading depression may be associated with an increase in infarct volume of up to one-third.t'f These DC shifts can be blocked by various types of glutamate antagonist with marked reduced in the size of the resulting infarct.l''? even though these drugs do not appear to affect blood flow under normal circumstances. 1I0,llI
Acidosis
Experimental research has demonstrated focal areas of acidosis within the ischaemic penumbra, which subsequently coalesce with extension of the infarct.U-Hyperglycaemia promotes acidosis by enhancing the production of lactate ll3-1l5 and is associated with increased brain oedema and ischaemic damage in models of focal and global ischaemia. 116,117 A similar adverse effect has been seen in human stroke. 118,119 Chronic hyperglycaemia may also predispose to lactic acidosis and has been shown to increase infarct size in experimental stroke, whilst relative hypoglycaemia is associated with a reduction in ischaemic damage.P? In hyperglycaemic animals, histological analysis reveals a sharp transition between infarcted and noninfarcted tissue, with a lack of proliferating capillaries, suggesting that acidosis damages the microvasculature. In contrast, the ischaemic lesions of their hypoglycaemic counterparts show numerous proliferating vessels.
In vitro studies have demonstrated a reduction in ADP (adenosine diphosphate) stimulated oxygen consumption in mitochondria subjected to a low environmental pH, suggesting that acidosis impairs ATP (adenosine triphosphate) production,121 as well as reducing lactate oxidation.t--These effects are readily reversed by restoring perfusion and oxygen delivery.
Hyperglycaemia and extracellular acidosis may not be universally deleterious, however. In partial ischaema, at least, there is evidence that they are associated with decreased NMDA receptor sensitivity, reducing the number of spreading depolarizations and the final extent of neuronal damage. 123
Oedema
Cerebral oedema occurs in both intracellular ('cytotoxic') and interstitial ('vasogenic') forms. 124 Cytotoxic oedema develops after membrane ionic pump failure, which permits influx of sodium, chloride and water. 125 Vasogenic oedema follows disruption of the blood-brain barrier, with leakage of plasma components into the extracellular space at the site of injury.126 Both forms can occur after cerebral ischaemia, although the initial swelling is predominantly cytotoxic and the vasogenic component may become more important later on, once the microvasculature has been damaged.P? This has important implications for the timing of therapeutic interventions, since delayed restoration of blood flow may increase vasogenic oedema. 128
Free radicals
Free radicals are highly reactive molecules which can initiate chain reactions such as lipid peroxidation, which disrupt the membrane bilayer.P? They can also inactivate enzymes, 130 damage nucleic acids.P' interact with biologically active compounds such as N0132 and may augment excitotoxin release during ischaemia. m They are produced in all aerobic cells but are usually metabolized by natural scavengers such as vitamins E and C.134 Free radical precursors are also broken down by the enzymes superoxide dismutase, catalase and glutathione peroxidase. 135 Free radical generation is greatly increased during reperfusion, when the reduced compounds formed after ischaemic injury are reoxidized, or during partial ischaemia, where oxidation and reduction may occur side by side. 136 Oxidation of xanthine and hypoxanthine, via the calcium-activated protease xanthine oxidase, may contribute to free radical generation.P? and has been implicated in the development of neuronal injury during experimental cerebral ischaemia and reperfusion.Ps-P? However, the activity of xanthine oxidase in ischaemic cells varies from organ to organ 140,141 and this system may not be fully operational in ischaemic brain.
Another mechanism of free radical generation is the Haber-Weiss reaction, during which the combination of acidosis and superoxide stimulates the release of iron from ferritin and transferrin. This subsequently catalyses the production of highly toxic hydroxyl radicals from superoxide and hydrogen peroxide. 142,143 Although superoxide dismutase can scavenge these radicals and inhibit the release of iron from its intracellular stores, the brain is relatively poorly endowed with this antioxidant144 and hence neuronal damage may be extended by the diffusion of iron and free radicals into neighbouring cells. This mechanism could explain the association of high serum ferritin levels and poor outcome in acute stroke,145,146 though high iron stores may simply be a marker for widespread atheromatous disease. [147] [148] [149] Other radicals involved in ischaemic injury are targeted at endothelial cells and are derived from endothelium-derived relaxing factor or NO following the activation of NOS by the influx of calcium. 68,150,151 NO and superoxide may combine to form peroxynitrite which, in an acidotic environment, yields hydroxyl radicals and nitrogen peroxide, which can damage vascular endothelium.s? disrupting the blood-brain barrier and causing vasogenic oedema. The microvessels may also be a major target for the pro-oxidant compounds derived from xanthine and hypoxanthine, since they contain the largest amounts of xanthine oxidase in an environment that can promote the generation of free radicals, with exposure to high oxygen levels, neutrophils and a plentiful supply of substrates.69.1S2 Furthermore, experimental application of xanthine, hypoxanthine and xanthine oxidase to neuronal tissue has been shown to damage the microvasculature, leading to increased microvascular permeability, oedema and neuronal damage. 153 Evidence of increased free radical generation has been found in experimental stroke,145.150 especially after reperfusion.Pt and the damage can be ameliorated by giving free radical scavengers. 15S The role of free radicals in human stroke remains controversial.Ps although several means of inhibiting their production, promoting their breakdown and scavenging or improving acidosis are now being evaluated as potential therapeutic strategies.
Nitric oxide
Cerebral nitrite (a stable metabolite and indirect measure of NO) and cGMP (cyclic guanosine monophosphate) levels increase rapidly after the onset of experimental focal ischaemia and this can be abolished by prior administration of an inhibitor of NOS.156 NO levels continue to rise after transient focal ischaemia.O? probably as a result of the induction of endothelial NOS in the cerebral microvasculature. 158 Although NO can promote free radical generation as above 69-72.150,151 and has been implicated as an important mediator of glutamate-induced neurotoxicity,l5l,159 its exact role in the pathogenesis of cerebral ischaemic damage is unclear. The induction of NO synthesis certainly has adverse effects on endothelial cells l 60 and NOS inhibitors block glutamate-mediated toxicity in vitroi» and attenuate glutamate efflux and focal ischaemic damage in VivO, ?3.161 On the other hand, the enchanced production of cGMP effected by NO may improve the perfusion of penumbral tissue 76,162 and NOS inhibitors have been shown to increase microvascular permeability'<' and infarct volume in an ischaemia-reperfusion stroke model. 164 There are at least three forms of NOS (neuronal, endothelial and macrophage) which differ widely in their properties and their relative activity under physiological and pathological conditions.165.166 Discrepant results may have arisen from the use of different types and doses of NOS inhibitors,167-169 as well as experimental models producing different duration and severity of ischaemia.
NO is an extremely simple molecule, which has clearly played a fundamental role in many extraand intracellular chemical processes throughout much of evolutionary history, so it is not surprising that its complex actions in both health and disease are poorly understood.
The therapeutic time window: experimental evidence
Given the inevitable delay between the patient's first symptoms and receipt of medical care, the most important question for the clinician is 'What is the maximum delay after which safe and effective neuroprotective treatment can be given?'.
It has been known for a long time that brain cells vary widely in their susceptibility to ischaemia.F? with certain neurons in the hippocampus being the most sensitive and microglia and blood vessels the least sensitive.l"! Anaerobic glycolysis supplies only two molecules of ATP compared to 38 for each glucose molecule metabolized under aerobic conditions and can only maintain the supply of ATP for a few minutes. Nevertheless most neurons and glia recover when blood flow is restored after up to an hour of complete ischaemia.P? Restoration of blood flow may not be enough, however, since severe ischaemia may trigger other mechanisms which can kill brain cells in the presence of apparently normal ATP and phosphocreatine levels,173 even after several days. 174 Much of this information was obtained from 'global ischaemia-reperfusion' models, however, which do not represent the situation in stroke, where ischaemia is focal and usually more prolonged. Clearly the results obtained from animal experiments will be critically dependent on the species studied and the exact procedure followed, as well as the temperature, blood pressure, glucose levels (which strongly influence tissue pH in the penumbral zone) and other factors. Thus the literature is often confusing, but some general principles can be discerned.
Recent advances in the techniques of microdialysis, coupled with continuous analysis of enzyme activity by fluorescence or amperometry,17S.l76 have allowed the time course of events at the cell membrane which initiate calcium influx and the 'ischaemic cascade' to be studied. The rise in extracellular glutamate which triggers these events appears to have two components. The initial phase occurs in the first ten minutes of ischaemia, during which glutamate is released from neurotransmitter pools by a calcium-and energy-dependent mechanlsm.v whereas the later phase, accounting for most of the total rise, occurs more slowly as glutamate leaks from ischaemic neurons and glia, overwhelming the capacity of impaired reuptake rnechanisms.t?? Thus drugs designed to prevent the initial exocytotic release of excitatory neurotransmitters might have a shorter therapeutic time window than those which block receptors or improve glutamate reuptake or breakdown.
Glutamate levels reach their peak within about an hour of the onset of ischaemia and remain at this level for several hours.s? During this time neuronal membranes in the penumbral zone tend to be in a state of hyperpolarization, probably due to increased potassium conductance.P" This allows 'electrical silence' to be maintained, even in the presence of very high glutamate levels, thus conserving the energy that would have had to be expended restoring membrane potentials. In some neurons, however, this resistance to depolarization may be overwhelmed, setting off a chain reaction and very likely triggering episodes of spreading depression or 'recurrent anoxic depolarization',105 detected as waves of 'direct current (DC) shift' spreading from the boundary of the ischaemic zone.
Although there is as yet no direct evidence that this process occurs in human stroke, it has been seen in many different models of acute brain ischaemia and is associated with a marked increase in metabolic demand and with extension of ischaemic damage.l08.l79 DC shifts occur at irregular intervals, at a rate strongly related to body temperature, 180 for several hours after the onset of ischaemia. Several authors have distinguished 'small' from 'big' waves of depolarization. The former closely resemble the apparently harmless 'cortical spreading depressions' that can be induced in intact cortex by chemical or mechanical means, whereas the latter tend to occur closer to the ischaemic core, are associated with marked reductions in local blood flow, and are usually described as 'recurrent anoxic depolarizations'. Opinions differ as to whether the two are essentially the same-? or distinct'v? phenomena and whether both,106 or only the minor episodes,18l can be suppressed by glutamate receptor blockade. Nevertheless drugs that interrupt the excitotoxie-calcium pathway can substantially reduce infarct size in animal experiments if given within two hours of vascular occlusion . 106, 109, 181 The time course of oedema formation has also been studied in some detail, initially by direct measurement of water content in various regions of the brain,27,124 and more recently by the technique of 'diffusion-weighted' MRI (magnetic resonance imaging). The latter allows the 'apparent diffusion coefficient' of brain tissue to be estimated noninvasively as a function of the distance that protons in water are free to travel unimpeded. Within an hour of the onset of experimental ischaemia, a marked reduction in 'diffusion path length' can be seen, indicating a shift of water into cells. 182, 183 In contrast, after traumatic brain injury the path length tends to increase, suggesting the formation of interstitial 'vasogenic' oedema.P" Transient increases in the diffusion-weighted signal intensity in the periphery of the ischaemic territory have also been recorded, at the same time as shifts in DC potential indicating spreading depolarization.P> A partially reversible increase in lactate levels can be detected at about the same time by MR spectroscopy.iss Somewhat surprisingly, similar changes in diffusion-weighted signals have been seen in association with the harmless, reversible spreading depression induced by chemical and mechanical stimulation of normal cortex. 185, 186 Although there are still many uncertainties and gaps in our knowledge, it seems reasonable to speculate that, for many cells, spreading depression represents the moment at which massive calcium influx occurs.P" triggering the cascade of intracellular changes leading to the death of neurons in the ischaemic penumbra. Experimental studies suggest that intracellular calcium-mediated activity continues for some hours after the ischaemic insult, with maximal calcium-calmodulin binding occurring after four hours and correlating with the extent of cortical necrosis.ts? On the whole, though, these intracellular events are so complex that it is extremely hard to separate causes from effects and to estimate the time window for potential intervention.
The inflammatory reactions triggered during the period of acute ischaemia have the potential to extend damage for hours or days after the initial event. Both experimental and clinical studies have provided a mass of evidence about the activation of the clotting system, platelets and leucocytes after acute brain ischaernia.P" Although the animal models are very diverse and may not fully represent the conditions found in human stroke, clear changes are seen after artificial vascular occlusion, with or without reperfusion, especially in leucocyte function. 188, 189 The first changes occur very early, with increased production of cytokines, such as tumour necrosis factor (lNF) and intercellular adhesion molecules (ICAM), which causes neutrophils to stick to microvascular endothelium. In rat models increases in mRNA for both TNF190 and ICAM-1 191 can be detected within three hours of middle cerebral artery occlusion, peaking at six to 12 hours and remaining high for up to five days. 190.191 When severe ischaemia is followed by reperfusion, the initial increase in mRNA is seen within one hour, but thereafter changes show a similar pattem.t'" Analogous experiments on cultured human brain endothelial cells show an earlier peak in ICAM-1 mRNA, four hours after hypoxia, but only if oxygenation is restored. 192 These processes can be selectively modified by giving antiadhesion antibodies,188 or by blocking of lymphocyte-derived cytokines.ws Treatment with monoclonal antibodies against ICAM-1 after transient middle cerebral artery occlusion can substantially reduce infarct size. 194, 195 Recent results from a rabbit model of cerebral embolism suggest that anti-ICAM antibodies can extend the time window for effective thrombolytic therapy. 196 Many of the processess of brain damage after ischaemia appear to be mediated by activated leucocytes. Indeed it has been suggested that the tolerance to very low cerebral blood flow found in hibernating squirrels may be at least partly due to the absence of leucocyte stimulation in this situation.t?? As yet, little work has been done on modifying potentially toxic effects of lymphocytes and other inflammatory cells found at a later stage around the ischaemic zone.
In Part II of this review, we will consider the relevance of some of these basic mechanisms to human stroke, discuss what clinical studies have told us about the likely time window for intervention and assess current evidence about the efficacy of potential treatments for acute ischaemicstroke. 60 Black KL, Hoff JT. Leukotienes increase blood brain barrier permeability following intraparenchymal injections in rats. Ann Neurol
